Toxoplasmic encephalitis caused by the obligate intracellular protozoan Toxoplasma gondii is the most common central nervous system infection in those afflicted with AIDS. It is primarily manifested when the CD4+ T-cell population is depleted and in the setting of a falling CD8+ T-cell count (27) . Recent studies of mice with the murine LP-BM5 virus (MAIDS) have demonstrated increased mortality in those mice coinfected with T. gondii, suggesting that the parasite is able to induce a state of immunodepression in an already compromised host (15) . Earlier studies of mice have demonstrated that cell-mediated immunity is depressed following parasite infection in the normal host (8, 23, 38) . Similar observations have been made in humans (4, 26) . The depression of lymphocyte proliferative responsiveness to the Toxoplasma antigen was observed in an infant with congenital toxoplasmosis (28) and in adults with acute toxoplasmosis (26) .
Downregulation of T-cell-derived cytokines, in particular interleukin 2 (IL-2), during infection with other protozoan parasites, intracellular bacteria, or viruses has been demonstrated. For example, concanavalin A (Con A)-stimulated T-cell culture supernatant collected at 7 days postinfection with lymphocytic choriomeningitis virus contained a 30-to 40-fold-reduced amount of (34) . Similar observations have been reported during Trypanosoma cruzi infection in mice (7, 11) .
The potential role of activated macrophages in downregulatory host immune response is well recognized. Activated macrophages are known to secrete a variety of factors with suppressive activities, including (12, 14) , transforming growth factor ,B (TGF-13) (42) , nitric oxide (2, 30) , and prostaglandin (32) . Murine IL-10 has a variety of immune downregulatory properties, including decreased IL-2 production (14, 40) and the inhibition of T-cell proliferation by Con A in the presence of accessoxy cells (12) .
Our laboratory has been interested in studying the host response to p30 (SAG-1), a major surface protein of T. gondii.
This antigen has an apparent Mfr of 30,000 and is important in controlling host immunity to the parasite (21) . We have used monoclonal antibodies (MAb) directed at this protein to isolate a mutant parasite deficient in p30, PTgB (18, 22) . In the current study, we use this antigen-deficient mutant to investigate the host immune response. Our results indicate that T. gondii is able to induce a transient state of reduced lymphocyte proliferation in mice infected with either wild-type or p30 antigen-deficient parasites. To better appreciate the mechanism underlying the impaired cellular immune response, splenocytes from T. gondii-infected mice were examined for PRODUCTION OF IL-2 DURING TOXOPLASMA GONDII INFECTION 2909 the production of IL-2 and binding of the IL-2 receptor to its ligand (i.e., IL-2). We report that spleen cells from infected mice were defective in their capacity to both secrete IL-2 and respond to exogenous IL-2. In addition, we observed the suppressive effect of macrophages from mice acutely infected with T. gondii on the production of IL-2. The culture supernatant obtained from these macrophages tontained increased levels of IL-10. Antibody to IL-10 can partially restore the suppressed Con A-proliferative response by this supernatant.
MATERLILS AND METHODS
Parasite and antigen preparation. The P strain of T. gondii (PTg) and its derived mutant PTgB were used for all experiments. The P strain used in these experiments was cloned from the Me49 strain (20) . The p30-deficient mutant strain, PTgB, was selected from a large population of chemically mutagenized wild-type P strain parasites (18) as previously reported. All parasites in these experiments were used between the 1st and 35th passage in vitro. Parasites were maintained in our laboratory by in vitro passage in human foreskin fibroblasts at 37°C in minimal essential medium (MEM) containing 10% newborn calf serum. To prepare Toxoplasma antigen (TGA), infected human foreskin fibroblast monolayers were scraped, and the tachyzoites were freed by forced extrusion through a 27-gauge needle. The lysate was centrifuged at 590 x g for 10 min, and the pellet was resuspended in serum-free medium. Tachyzoites were separated from host-cell debris by treatment with phytohemagglutinin-M, as previously reported, followed by passage through a glass-wool filter (19) . The parasites were then washed twice in serum-free medium and centrifuged at 590 x g for 10 min, and the pellet was lysed by repeated freezing at -70°C and thawing at 37°C. This material was then centrifuged at 590 x g for 10 min, and the supernatant was collected and sterilized by passage through a polysulfone membrane filter with a 0.22-,um-pore diameter (Gelman, Ann Arbor, Mich.). The Lymphocyte preparation and cell culture. Following parasite infection, mice from each group were sacrificed, and cell suspensions were prepared from spleens or lymph nodes following homogenization of these tissues in phosphate-buffered saline (PBS). Erythrocytes were lysed by hypotonic shock with 0.2% ammonium chloride. The cells were then washed with PBS, followed by Iscove's medium containing 2 mM L-glutamine, 10 mM HEPES (N-hydroxyethylpiperazine-N'-2-ethanesulfonic acid), and 10% fetal bovine serum (FBS; Hyclone Laboratories, Logan, Utah). For Receptor-binding assay. A radioisotope assay was used to evaluate IL-2 receptor binding as previously described (43) . Briefly, splenocytes from uninfected or infected (for 7 days) mice were cultured in the presence of 5 jig of Con A per ml for 48 h. The cells were washed in Iscove's medium containing 2 mM L-glutamine, 10 mM HEPES (pH 7.2), and 10% FBS. Serial dilutions of 125I-IL-2 (provided by Kendall A. Smith) were incubated at 37°C with 4 x 105 to 6 x 105 spleen cells in a total volume of 200 ,u of culture medium for 20 min. After incubation, the bound and free 125I-IL-2 were separated by centrifugation at 8,500 g for 2 min through 20% paraffin oil (Fisher Scientific Co., Pittsburgh, Pa.) and 80% silicon oil (550 fluid; Contour Chemical Co., North Reading, Mass.). The tips of the tubes (400 ,ul, polyethylene; USA Scientific Plastics, Ocala, Fla.) containing the cell pellet and free radioactivity were cut off, and the radioactivity was determined by scintillation counting. The number of binding site and the dissociation constant (Kd) values were determined by Scatchard analysis as previously described (43) . The number of binding sites per cell and the calculated dissociation constant values are based on the specific activity of 5 x 105 molecules per cpm.
Assays with anti-IL-10 and anti-TGF-4 MAbs. MAb to IL-10 and TGF-P were used to investigate the effect of these cytokines on the proliferative cell response. Rat anti-mouse IL-10 antibody (Genzyme, Cambridge, Mass.) or anti-TGF-, antibody (mouse anti-TGF-,1, TGF-P2, or TGF-43 MAb;
Genzyme) was used at concentrations as recommended by the manufacturer. Splenocytes were prepared from either uninfected or infected (for 7 days) A/J mice as described above.
Cells were cultured in triplicate wells at a concentration of 2 x 105 cells per well with either anti-IL-10 (4 ,ug/ml), anti-TGF-, (30 ,ug/ml) or normal rat immunoglobulin G (Sigma Chemical Co.). Cells were incubated either with anti-IL-10 or anti-TGF-,B for 30 min at 37°C followed by the addition of either Con A or medium. After 48 h of incubation, the proliferation was determined by the amount of [3H]thymidine incorporated. Data were expressed as counts per minute. Nitrite determination. Nitrite in 24-h culture supernatants was measured by using Griess reagent (13) . Briefly, 0.05 ml of supernatant was mixed with 0.05 ml of Griess reagent and then incubated for 10 min at room temperature, and A570 was determined with an automated plate reader. The nitrite concentration was calculated from a NaNO2 (Sigma Chemical Co.) standard curve.
Statistical analysis. Probability significance was determined by two-tailed Student's t test, assuming equal variances. Statistical significance was set at P of <0.05 for all comparisons.
RESULTS
Splenocyte proliferative response to Con A. We first evaluated the in vitro lymphoproliferative response to Con A in A/J mice infected with either P wild-type or PTgB mutant parasites. Splenocytes were harvested at various times after infection and cultured for 48 h in the presence of Con A. Following incubation, lymphoproliferation was determined by the amount of [3H]thymidine incorporated. As shown in Fig. 1 , there was a gradual decline in the proliferative response to Con A during the first week of infection. This reduction in proliferation reached its nadir on day 7 postinfection in both PTg-and PTgB (P < 0.05)-infected mice compared with that in normal age-matched uninfected control mice. In addition, the Con A-induced response on day 7 was significantly lower in splenocytes obtained from PTg-infected mice than from PtgBinfected mice (P < 0.05). By day 14, this difference is no longer significant, although the Con A response in splenocytes from mice infected by either strain remained significantly lower than that in uninfected controls (P < 0.05). By day 21 postinfection, the difference in Con A-induced stimulation between infected and uninfected mice virtually disappeared.
Proliferative response to TGA. The ability of TGA to stimulate splenocytes from infected mice was then evaluated. As shown in Fig. 2A , at a concentration of 8.75 ,ug TGA per ml, splenocytes obtained from wild-type infected mice failed to proliferate in response to parasite antigen during the first week of infection. By days 14 and 21, however, the ability to proliferate in response to parasite antigen was significant (P < 0.05). Similar observation were made for splenocytes from the PTgB-infected mice (Fig. 2B ).
Phenotypic analysis of mouse T-cell subpopulations.
Splenocytes were isolated from infected mice at days 3, 7, and 14 postinfection, and the expression of T-cell phenotypes was analyzed by FACS. As shown in Table 1 , there was a significant increase in the number of CD8+ T cells in both wild-type-and PTgB-infected mice on days 7 and 14 postinfection. CD8+ T-cell augmentation was most pronounced in wild-type-infected mice at day 14 by spleen cells from infected mice cultured for 24 h in the presence or absence of parasite antigen (data not shown).
As shown in Table 2 , the quantity of IL-2 produced by infected mouse splenocytes after Con A stimulation was significantly lower than that produced by uninfected splenocytes. On all days evaluated, splenocytes from mice infected with the wild-type strain produced less IL-2 in response to Con A than splenocytes from mice infected with the mutant strain. The type of splenocyte cells involved in the reduced (P > 0.05) IL-2 production was evaluated. As shown in Table 3 , coculture in the presence of adherent cells from infected mice significantly reduced the quantity of IL-2 detected in the supernatants of either uninfected or infected splenocytes.
Effect of exogenous IL-2 on splenocytes from infected mice. The ability of exogenous IL-2 to overcome the depressed proliferative response was evaluated for splenocytes from mice on day 7 postinfection. The biological activity of rIL-2 was confirmed by CTLL assay prior to use in this experiment. As shown in Fig. 4 , exogenous IL-2 at different concentrations failed to reconstitute the depressed proliferative response to Con A of the spleen cells from acutely infected mice.
Determination of binding sites and capacity of high-affinity IL-2 receptors. To determine IL-2 receptor expression on lymphocytes from infected mice, splenocytes on 7 day postinfection were isolated and cultured in the presence of Con A for 48 h. IL-2 receptor expression was measured in a binding assay using radiolabeled rIL-2. A Scatchard analysis to determine the number of binding sites per cell and the dissociation constant (Kd) showed no significant differences between the wild-type-and PTgB-infected splenocytes. There was, however, a threefold decrease in the number of binding sites per cell in the infected mice (Table 4) . Although splenocytes from both infected and uninfected mice express high-affinity receptors for IL-2, the difference in the Kd values between these groups was insignificant (P > 0.05).
Role of IL-10, TGF-,I, and nitric oxide. To determine whether IL-10 was responsible for the observed depressed proliferative response to Con A, splenocytes obtained from either 7-day-infected or uninfected mice were cultured, and the supernatants were evaluated for the presence of IL-10. As shown in Table 5 , the splenocytes obtained from mice infected with wild-type parasites produced considerable amounts of IL-10 in comparison to uninfected control splenocytes. Moreover, when the splenocytes from these infected mice were cocultured with the adherent cells obtained from 7-day-infected mice, the amount of IL-10 expressed in the supernatant was even greater. Antibody to IL-10 (at a concentration of 4 p,g/ml) partially reversed (approximately 60%) the inhibitory response to Con A (Table 6 ). However, antibody to TGF-P failed to reverse the reduced proliferative response.
The culture supernatants from 7-day-infected mice were evaluated for the presence of nitric oxide. Splenocytes from either 7-day-infected mice or uninfected controls were stimulated with Con A, and the amount of NO produced was determined by the Greiss reaction (13) . The same number of effector cells (2 x 105) that exhibited downregulatory activity in previous experiments were used. In this assay, there was no significant difference in the amount of NO produced by infected splenocytes at 24 h (0.5 jiM) and 48 h (2.7 ,uM) postculture. An 
DISCUSSION
Our data suggest that a well-delineated period of lymphocyte hyporesponsiveness occurs following primary T. gondii infection in mice. During this period, there is an associated reduction of IL-2 in response to Con A stimulation. Although this reduced proliferative response and IL-2 production were observed during the first 14 days postinfection, it was most notable on day 7. These observations confirm previous reports indicating that a state of immunodepression occurs during the first 8 days of infection with T. gondii in both humans and experimental models (8, 23, 38, 39) . Our studies extend these observations to at least 21 days, at which time the infected mice regain their ability to respond to both parasite antigen or Con A. Although both strains of parasite, the wild type and the mutant, have the ability to induce a state of hypoproliferation, the wild-type parasite had a greater influence on mediating this response. Whether these differences are due to a lower parasite burden or slower growth of the mutant remains unclear. Current data from our laboratory indicate that mice infected with the wild-type parasite die earlier and with greater frequency than those infected with the mutant parasite.
A decrease in the quantity of IL-2 was observed in the supernatant of cultured splenocytes from mice infected with either parasite strain following Con A stimulation. This is consistent with the finding of McLeod and coworkers, who also reported a similar depression of IL-2 during the acute phase of murine toxoplasmosis (29) . We have observed an augmentation in CD8+ T cells that accompanies the period of diminished lymphocyte reactivity to parasite antigen or Con A. It is possible that the depressed IL-2 response might be related to the rise in CD8+ T cells, since CD8+ lymphocytes usually produce high quantities of gamma interferon and little or no IL-2 (31, 44) . Analysis of the absolute T-cell count failed to distinguish a significant difference in the number of T cells in infected and uninfected mice. However, this does not exclude a dissimilarity in the number of IL-2-producing cells between these mice.
Our results demonstrated that the addition of exogenous IL-2 had little effect on restoring the reduced proliferative response of these splenocytes. Failure to revert this response has previously been reported in viral (33) , bacterial infection (3), and other parasitic infection, in particular with T. cruzi (17) . In those studies, infection with either lymphocytic choriomeningitis virus or salmonellae resulted in reduced IL-2 production that could not be reversed by the addition of exogenous IL-2. In contrast to our results, Chan et al. reported restoration of suppressed proliferative response of spleen cells from mice infected for 3 or 6 days with C56, an avirulent strain of T. gondii (8) . It is possible that differences in parasite strains and the times tested may be responsible for this discrepency. Also, in malaria infection, suppressed lymphoproliferative responses are restored by exogenous IL-2 (10). The failure of lymphocytes to proliferate in response to exogenous IL-2 led us to examine the IL-2 binding property of the receptors on lymphocytes from infected animals. The results from these experiments showed a threefold decrease in the number of IL-2 binding sites per cell in both PTg-and PTgB-infected mice compared with cells from uninfected mice. However, the binding affinity, as determined by the Kd values, remained the same for cells from uninfected mice as well as from PTg-and PTgB-infected mice. It is possible that among the nonresponding cell population, a defect in the IL-2 signaling pathway may exist. Studies are currently underway to evaluate this possibility.
The results of our study demonstrated that macrophages from infected mice reduce the lymphoproliferative response when added to the culture by affecting IL-2 production of normal uninfected splenocytes in response to Con A. This macrophage-mediated downregulation of IL-2 production has also been reported for bacterial infection (3). The inhibitory activity was not limited to macrophages since the nonadherent spleen cells from mice on day 7 postinfection also inhibited T-cell proliferation and Con A-induced IL-2 production, although to a lesser degree (data not shown).
The precise mechanism(s) of reduced IL-2 production dur- a Supernatants from 24 h cultures with Con A (5 ,ug/ml) of spleen cells obtained from PTg-or PTgB-infected mice and age-matched control mice. The supernatants were tested for the presence of IL-2 by the CITLL-2 cells proliferation assay as described in Materials and Methods. The data shown are the results (± standard deviations) of one typical experiment of four experiments. On day 7 postinfection, IL-2 production in splenocytes from PTg-infected mice was significantly lower than that from PTgB-infected animals (P < 0.05) or from uninfected mice (P < 0.05). For each time point, cultures in medium only had levels of IL-2 that were below the detectable threshold (<2 pM).
ing primary T gondii infection remains unclear. The results of our study demonstrate that macrophages from mice that are acutely infected with T gondii can indeed inhibit Con A-stimulated T-cell proliferation and can also affect production of IL-2. The suppressive effect of macrophages on in vitro lymphocyte proliferation in response to mitogens or parasite antigens was previously suggested for malaria (24) , trypanosomiasis (41) , and toxoplasmal infections (8) . Whole spleen cell populations from either T gondii-infected mice (day 7) or age-matched normal uninfected animals irradiated and added to the culture of splenocytes from uninfected mice in the presence of Con A resulted in decreased Con A-induced T-cell proliferation, accompanied by reduced IL-2 production. The mechanisms of suppressor function of macrophages are not clearly understood. In addition to the production of soluble factors with negative regulatory activity, a recent study also suggested that macrophage-mediated downregulation of the T-cell function can occur by a cell contact-dependent mechanism, through a process of macrophage activation involving the CD14 antigen (25).
The various soluble factors produced by macrophages that may be implicated in downregulation of the immune response include IL-10 (12, 14), TGF-P (42) , nitric oxide (2, 30) , and Further, these macrophages appear to affect the production of IL-2, perhaps through the production of IL-10, which is at least partially responsible for the observed effect.
